The layout of areas in the cerebral cortex of different primates is quite similar, despite significant variations in brain size. However, it is clear that larger brains are not simply scaled up versions of smaller brains: some regions of the cortex are disproportionately large in larger species. It is currently debated whether these expanded areas arise through natural selection pressures for increased cognitive capacity or as a result of the application of a common developmental sequence on different scales. Here, we used computational methods to map and quantify the expansion of the cortex in simian primates of different sizes to investigate whether there is any common pattern of cortical expansion. Surface models of the marmoset, capuchin, and macaque monkey cortex were registered using the software package CARET and the spherical landmark vector difference algorithm. The registration was constrained by the location of identified homologous cortical areas. When comparing marmosets with both capuchins and macaques, we found a high degree of expansion in the temporal parietal junction, the ventrolateral prefrontal cortex, and the dorsal anterior cingulate cortex, all of which are high-level association areas typically involved in complex cognitive and behavioral functions. These expanded maps correlated well with previously published macaque to human registrations, suggesting that there is a general pattern of primate cortical scaling.
Introduction
Simian primates share a common plan of subdivision of the cerebral cortex into areas. This is evident in the relative position and cytoarchitecture of homologous areas in New and Old World monkeys (Paxinos et al., 2009 (Paxinos et al., , 2012 , which diverged from a common ancestor ϳ40 million years ago (Fleagle, 1998; Chatterjee et al., 2009 ). However, this common plan has been modified in evolution with respect to various factors, including brain size. For example, the human brain has ϳ180 times the volume of that of the diminutive marmoset monkey (Stephan et al., 1981) . Although a similar layout of homologous sensory, motor, and association areas can be recognized in both these species (Burman et al., 2011; , it is also clear that some regions of the cerebral cortex have become disproportionately larger in the human brain (Deacon, 1990; Rilling and Insel, 1999; Semendeferi et al., 2001; Orban et al., 2004; Rosa and Tweedale, 2005; Rakic, 2009; Preuss, 2011; Kaas, 2013) . Quantifying the way different areas scale with brain size could provide insight into the way the more complex cognitive abilities that differentiate humans from monkeys have developed in primate evolution.
The principal drivers of non-uniform expansion of the brain remain a topic of debate (for review, see Striedter, 2005) . One theory, known as mosaic evolution, proposes that evolutionary pressure to develop specific functions leads to the expansion of specific brain regions (Krubitzer and Seelke, 2012; Smaers and Soligo, 2013 ). An alternative explanation is concerted evolution, which proposes that the non-uniform scaling of neural structures derives primarily from the application of a common developmental program to species with different brain and body sizes. For example, according to one of the best-supported models, late-developing structures tend to become disproportionally large in larger species (Finlay and Darlington, 1995; Finlay et al., 2001) , possibly because they tend to be the destinations of neurons that originate from cell divisions that occur toward the end of neurogenesis, either in late gestation or postnatally (Rakic, 2000; Finlay et al., 2001) . One likely implication of the latter model is that the relative expansion ratios for different cortical areas would be conserved across comparisons involving simian primates of different sizes. In other words, the "hotspots" of expansion would tend to remain similar, regardless of which species are being compared.
Previous studies have compared the distribution and size of presumptive homologous areas in macaques and humans using surface-based methods (Orban et al., 2004; Van Essen and Dierker 2007; Hill et al., 2010) . These studies found that high expansion ratios apply to high-order association areas, which mature relatively later in development, particularly compared with primary sensory and motor areas. In the present study, we used the surface registration method to investigate the scaling of the cortex in two species of New World primates, the marmoset (Callithrix jacchus) and capuchin (Cebus apella) monkeys, rela-tive to macaques and humans, both of which are Old World simian primates with larger brains.
Materials and Methods
Because there are large differences in the folding pattern of the cortex across species, we used surface-based methods that inflate the cortex to a smooth representation and map one brain to another by anchoring to a set of landmarks, represented by areas for which homology has been established (Van Essen et al., 2012a) .
Surface-based three-dimensional models of marmoset and capuchin monkey cortex were reconstructed from coronal sections. The midthickness contour of the cortex was drawn and then serially reconstructed to create three-dimensional models using the software package CARET (Van Essen et al., 2001 ). The marmoset model was constructed from a published atlas (Paxinos et al., 2012) in which all cortical areas were identified. The capuchin model was created from an unpublished dataset, in which the sections were aligned manually and selected cortical areas were identified from cytoarchitecture and myeloarchitecture (Gallyas stain) by reference to previously published maps (Colombo et al., 1990; Rosa et al., 1993 Rosa et al., , 2000 Padberg et al., 2007; Cruz-Rizzolo et al., 2011) . The model was corrected for shrinkage based on photographs of the fixed intact brain but not for shrinkage during perfusion. The marmoset model was registered to both the capuchin model and to a published atlas of the rhesus macaque (the F99 atlas, Van Essen and Dierker, 2007; Van Essen et al., 2012a ) using the landmark vector difference algorithm (Van Essen et al., 2012a) in CARET. The registration works by first inflating the models to spheres and then deforming one spherical model to match it to the other by aligning a set of landmarks (Fig. 1) .
Fifteen landmarks were used in the marmoset to capuchin registration. Most of these landmarks corresponded to areas with clear architectural boundaries: the dorsal and ventral boundaries of the primary visual area (V1; Fig. 1 , yellow and green lines), the rostral boundaries of the dorsal and ventral components of the second visual area (V2; cyan and magenta), the dorsal and ventral boundaries of the middle temporal area (MT; indigo and aquamarine), the caudal boundary of somatosensory area 3b (dark olive green), the rostral boundary of motor area 4 (light pink), the medial and lateral boundaries of the auditory core areas (gold and dark turquoise), and the caudal border of area 10 in the dorsolateral prefrontal and orbitofrontal cortices (lavender and light green). In addition, we used two gross anatomical landmarks (the dorsal boundary of the midline cortex and the ventral boundary of the midline cortex). In the case of the marmoset to macaque registration, an additional seven landmarks were used, which were afforded by the comprehensive cytoarchitectural maps that are available for these species, based on a similar set of cytoarchitectural criteria (Paxinos et al., 2009 (Paxinos et al., , 2012 . These included the boundary between the ventral and medial intraparietal areas, the lateral borders of medial temporal areas TL/TLO and TF/TFO, the rostral border of the area 8 complex (with areas 9, 46D, and 46V), the combined border between frontal areas 12L and 45 (ventrally) and 8aV and 46V (dorsally), the combined lateral border of orbitofrontal areas 11L and 13L with subdivisions of area 12, and the combined caudal border of the orbital paleocortex and proisocortex. The macaque to human registration was published previously by Orban et al. (2004), Van Essen and Dierker (2007), and Hill et al. (2010) , and the dataset was downloaded from http://sumsdb.wustl.edu/sums/download.do?archive_idϭ6595030
As a result of the registration processes, the model meshes were rebuilt so that each of the polygons in each model uniquely mapped to a single polygon in every other model. Expansion maps were then calculated by measuring the increase in the size of each mesh polygon between two registered species. This expansion ratio was then smoothed using the average of neighboring polygons for 100 iterations. To calculate the average primate expansion map, the maps were first normalized to be between 0 and 1 and then averaged at each polygon. The marmoset surface atlas and the interspecies registration are available for download from http://sumsdb.wustl.edu/sums/directory. do?idϭ8294741&dir_nameϭExpansion
Results
The surface area of the model of the marmoset cortex (a 500 g female) was 963 mm 2 , whereas that of the capuchin cortex (a 3.3 kg male) was 6796 mm 2 . The cortex of the capuchin resembles that of the macaque in terms of sulcal morphology (Le Gros Clark, 1959; , despite being noticeably smaller. The cortex of the macaque (Macaca mulatta; body mass of the studied individual not reported), the most gyrencephalic of the three monkey species studied, had a surface area nearly twice as large (11,876 mm 2 ) as that of the capuchin. Quantifying the expansion of individual cortical areas can be problematic whenever these are not mapped in detail or subdivisions are not agreed on (Kaas, 2005; . However, given that we computationally registered one species to another, we could calculate expansion continuously across the entire surface by anchoring the graphic transformations to well defined, homologous regions.
The marmoset to macaque registration showed high degrees of expansion (up to 30ϫ larger) in the temporal parietal junction, the ventrolateral prefrontal cortex, and the intraparietal sulcus ( Fig. 2A) . There was also moderately high expansion (up to 20ϫ) in the dorsal part of the anterior cingulate cortex. The occipital lobe, particularly V1, showed the lowest levels of expansion (ϳ4 -6ϫ), whereas the ventral part of the temporal lobe, the motor and somatosensory areas, and the orbital prefrontal cortex showed low to moderate levels of relative expansion (4 -8ϫ).
A similar pattern was revealed by focusing on an intermediate scaling step (marmoset to capuchin registration), which also showed the highest degree of expansion in the temporal parietal junction, the ventrolateral prefrontal cortex, and the intraparietal sulcus (up to 16ϫ larger) and considerable expansion in the anterior cingulate cortex (10 -12ϫ; Fig. 2B ). In addition, this registration revealed preferential expansion of the cortex encompassing the superior temporal gyrus and the caudal insula. The majority of the occipital lobe, ventral temporal cortex, motor and somatosensory cortices, and orbital prefrontal cortex had much lower levels of relative expansion. These results are similar to the macaque to human registration and expansion map ( Fig. 2C ; Orban et al., 2004; Hill et al., 2010) , most notably with respect to significant expansion in the ventrolateral prefrontal cortex, anterior cingulate cortex, and temporal parietal junction. However, the macaque to human registration also showed evidence of expansion of parts of the inferior parietal lobule, unlike in the registrations between the marmoset and other species.
Averaging the expansion maps (Figs. 2D, 3 ) revealed a conserved pattern of expansion for the primate species in this study, in which the temporal parietal junction and ventrolateral prefrontal cortex appeared to be the most prominent centers of expansion. These hotspots were apparent in all species to species registrations, including from the marmoset to the human brain ( Fig. 2A-C) .
Discussion
One of the fundamental questions related to brain evolution can be stated as follows: do certain areas of the cortex grow disproportionally because they are key to cognitive capacities that are subject to strong natural selection, or is the pattern of brain expansion primarily driven by the application of a common developmental program? According to the latter interpretation, the greater cognitive capacities that can emerge as the brain scales up are primarily determined by the concentration of extra neural machinery in specific regions. Our results expand on previous studies that have addressed the issue of non-uniform scaling of brains across species, by demonstrating the fundamental similarity of the primate brains of vastly different sizes. In other words, knowing how the cortex changes in a comparison involving the tiny marmoset and the capuchin or macaque can predict, to a great extent, the differences between the macaque and human cortices. However, it should be noted that the smaller species in this study are not ancestors of the larger species; rather, all species of living primates have evolved from extinct common ancestors. In fact, there is strong evidence to suggest that marmosets, as a group, have evolved from larger animals, through a process of "phyletic dwarfism" (Ford, 1980; Kelava et al., 2013; Montgomery and Mundy, 2013).
Our results support and expand the conclusions of Hill et al. (2010) by demonstrating that the evolution of the simian primate cortex was characterized by expansion centered on a few key hotspots (red areas in Figs. 2D, 3) . The most striking feature of this expansion involves the temporal parietal junction. Between marmosets and humans, the increase in the size of this area is massive, as evidenced by the position of area MT changing from being almost adjacent to auditory cortex, to being widely separated (Fig. 4, red and orange areas) . In humans, the cortex encompassed within this region of expansion has been implicated in high-level cognitive functions, such as speech (Edwards et Fig. 2D) shown on cortical models of all four species, from the smallest species (marmoset) to the largest (human). The models are to scale and are colored by the average expansion map from Figure 2D . Note the expansion hotspots (red) in the temporal parietal junction and ventrolateral prefrontal cortex. and inflated human models (right): V1 (blue), V2 (maroon), MT/MST complex (MTϩ; red), auditory core (orange), primary somatosensory area (areas 3a and 3b; yellow), motor cortex (area 4, purple), area 45 (part of the frontal eye field; green), and area 10 (frontal pole; dark blue). The top row is the lateral view, and the bottom row is the medial view.
is centered on the ventrolateral prefrontal cortex (Figs. 2D, 3) . Again, this can be demonstrated by the relative separation of the primary motor cortex (area 4) and prefrontal area 45 in humans compared with marmosets (Fig. 4 , purple and green regions, respectively). The ventrolateral prefrontal cortex is also associated with communication (Petrides and Pandya, 2009; Romanski, 2012) , as well as other high-level functions, such as behavioral flexibility (particularly in a social context; Nelson and Guyer, 2011) and working memory (Wolf et al., 2006; Wilson et al., 2007) . Furthermore, there is some expansion that encompasses the dorsal anterior cingulate cortex, a region of the cortex that has been associated with a wide variety of functions related to the appraisal and expression of emotion, reward processing, and problem solving (Devinsky et al., 1995; Allman et al., 2001; Etkin et al., 2011; Bissonette et al., 2013) . Current estimates of the number of cortical areas in humans (150 -200; Kaas, 2008; Van Essen et al., 2012b) are substantially higher than in the macaque or marmosets (ϳ140 and ϳ110, respectively; Paxinos et al., 2012; Van Essen et al., 2012a) . This reflects a more general trend toward an increase in the number of areas as a function of brain volume (Changizi and Shimojo, 2005) . Although the evolutionary mechanisms that have led to the subdivision of the cortex into areas remain a subject of debate (for review, see Striedter, 2005) , it is likely that the regions of preferential expansion that we have identified contributed significantly to this trend.
The identified areas of high expansion grow disproportionately during human postnatal development (Hill et al., 2010) , in contrast with areas that mature early (such as the primary sensory cortices and MT; Bourne and Rosa, 2006) . In principle, these observations reflect the "late equals large" principle (Finlay and Darlington, 1995; Striedter, 2005) . As in the thalamus (Finlay et al., 2001) , the longer maturation period could be a consequence of late rounds of cell division, which would allow a region to preferentially expand if it contains large proportions of lategenerated cells. However, it is unknown whether the developmental mechanisms that lead to differential expansion of areas are the same across species. In particular, this model relies on the assumption that the timetable of postnatal maturation of the cells in different cortical areas reflects that of their cell divisions, for which there is as yet no clear evidence. It has also been hypothesized that the regions of high expansion mature later in development to take advantage of postnatal experience (Weiner et al., 2008; Hill et al., 2010) .
Superimposed on the fundamental similarity in the pattern of expansion, there are suggestions of some differences. For example, the differential expansion of the intraparietal areas is not as marked between marmosets and capuchins (or macaques) as that observed in the macaque to human registration. Conversely, the areas of the inferior parietal lobule show greater expansion in the comparison between the macaque and human brain. One possibility is that this simply reflects the imperfect knowledge about the layout of parietal areas, particularly in New World monkeys, in which the proposed borders are still primarily based on comparative architectonics and limited connectional data Paxinos et al., 2012) . Consequently, more accurate reconstructions and registrations based on additional investigation of this region may reveal a more conserved pattern of parietal expansion. Here, it is important to recognize that our sample size only includes single individuals, from four species of simian primate. A better evaluation of the significance of the observed deviations from a strictly similar pattern of differential expansion of the cortex will undoubtedly require population-averaged maps of the cortex and, preferably, more species. Nonetheless, it has been acknowledged that some of the variation in the relationships between the volume of specific central nervous system structures (including cortical areas) and overall brain volume is likely to be attributable to other factors, which may include postnatal plasticity that is mediated by environmental interactions (Kaskan et al., 2005) .
Notes
Supplemental material for this article is available at http://youtu. be/7wEjOfi9DiU. This movie is an animated version of Figure 3 , showing the transformation of the cortex from the smallest species (marmoset) to the largest species (human). The models are to scale and are colored by the average expansion map. The animation shows the growth of the expansion hotspots (red) in the temporal parietal junction and ventrolateral prefrontal cortex, as well as the general pattern of change in the cortex as it scales up in size. This material has not been peer reviewed.
